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FOREWORD 

The  test  effort  described  herein  was  conducted  on  large  test 
specimens  cut  from  salvaged  high  pressure  storage  vessels.  The  physical 
size  of  the  specimens  required  a test  machine  of  a large  capacity 
located  at  the  Wheel  and  Brake  Test  Facility,  Air  Force  Flight  Dynamics 
Laboratory.  The  cooperation  and  assistance  of  Mr.  Don  Huffman,  AFFDL/ 
FED  was  greatly  appreciated.  The  testing  support  on  this  effort  was 
very  competently  provided  by  Mr.  Richard  Marton  and  Mr.  Kenneth  Smith  of 
the  University  of  Dayton  Research  Institute. 

This  report  was  prepared  by  Mr.  Allan  W.  Gunderson  of  the  Air  Force 
Materials  Laboratory  for  research  accomplished  under  Project  7381,  Task 
738106. 

Research  was  performed  during  the  period  of  June  1973  through  June 

1974. 
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SECTION  I 

INTRODUCTION  AND  BACKGROUND 

The  new  ultra-high  velocity  Aerodynamic  and  Propulsion  Test  Unit 
(APTU)  facility  at  the  Arnold  Engineering  Development  Center  required  a 
large  volume  of  high  pressure  air  for  operation.  The  magnitude  of  the 
high  pressure  storage  tank  field  required  is  shown  in  Figure  1.  The 
test  facility  is  of  the  "blowdown"  type  and  therefore,  the  air  storage 
tanks  experience  a cyclic  pressure  variation.  The  tanks  were  reclaimed 
from  surplus  Atlas  missile  launch  facilities.  No  records  of  cyclic 
history  were  available  except  for  the  original  proof  test  data  obtained 
from  the  manufacturer. 

The  use  of  pressure  vessels  in  circumstances  other  than  they  were 
originally  designed  for,  coupled  with  the  fact  that  they  were  not 
designed  to  meet  ASME  pressure  vessel  codes,  posed  some  serious  questions 
about  their  safety  and  applicability.  The  pressure  vessels  to  be 
incorporated  into  the  high  pressure  storage  field  were  cleaned,  non- 
destructive^ inspected,  and  given  a hydrostatic  proof  test  by  AEDC 
personnel  to  the  levels  shown  in  Table  I. 

A combination  of  linear  elastic  fracture  mechanics  analysis  coupled 
with  the  proof  test  qualification  testing  was  selected  to  provide  a 
cyclic  life  estimate  for  the  pressure  vessels.  The  proof  test  has  been 
used  for  many  years  as  a usage  qualification  test  and  a quality  control 
device.  However,  it  was  not  until  the  fracture  mechanics  principles 
were  developed  and  applied  in  the  1 960 ’ s that  cyclic  life  expectancy 
could  be  calculated  by  a crack  growth  analysis.  A comprehensive  report 
on  this  analysis  methodology  was  given  by  Tiffany  and  Masters  in  1964 
(Reference  1).  A design  monograph  developed  under  NASA  sponsorship  was 
completed  by  Tiffany  in  1970  (Reference  2). 

The  linear  elastic  fracture  mechanics  solutions  used  in  the  service 
life  analysis  are  based  on  the  stress  intensity  (K)  approaches  initially 
developed  by  Irwin  (References  3 and  4).  Two  basic  solutions  were 


1 


AFML-TR- 74-133 


used  (1)  for  the  through-crack  in  a plate: 

K = cr  -/ttq 


0) 


where: 

K = stress  intensity 
psi  /in 

a = stress,  psi 
a = half  crack  length, inches 


(2)  for  the  part-through-crack  in  a plate  also  developed  by  Irwin 
(Reference  5)  in  1962: 


K = 


(2) 


where: 

Q = Flaw  Shape/Stress  Level  Parameter  (Figure  2) 
a = crack  depth  into  thickness  (critical  dimension) 

These  equations  were  used  to  determine  the  flaw  sizes  possible  to 
be  in  the  pressure  vessel  at  the  proof  test  stress  level.  A crack 
growth  analysis  was  then  used  to  estimate  the  number  of  cycles  required 
for  the  flaw  to  grow  to  a critical  size  at  the  maximum  operating  pressure 
on  to  a through-crack  which  would  cause  tank  leakage.  The  crack  growth 
analysis  was  based  on: 


da/dN  = F (Ak) 


(3) 


where: 

da/dN  = crack  growth  for  cycle 
AK  = stress  intensity  range 

which  was  proposed  initially  by  Paris  in  1964  (Reference  6). 
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SECTION  II 

TEST  MATERIAL,  SPECIMENS,  AND  METHODS 

The  air  storage  field  has  a total  of  96  tanks  which  are  made  by 
several  suppliers  out  of  different  materials.  A listing  of  the  basic 
materials,  manufacturers,  and  construction  data  is  given  in  Table  II. 

The  highest  strength  material  used  was  the  USS  T-l  steel  at  a nominal 
yield  strength  of  100  ksi.  The  major  portion  of  the  test  effort  shown 
in  Table  III  was  on  this  alloy  because  the  majority  of  the  vessels  were 
constructed  from  it  and  because  the  higher  strength  could  possibly  have 
a lower  fracture  toughness.  Also,  the  other  alloys  have  been  previously 
used  in  pressure  vessels  built  to  ASME  codes.  Figure  3 shows  a simplified 
sketch  of  a Foster-Wheeler  constructed  vessel. 

The  surface  flaw  specimens  were  of  the  design  shown  in  Figure  4. 

The  flaw  was  machined  in  by  electrical  discharge  machining.  The  flaw 
shape  is  shown  in  Figure  5.  It  is  semicircular  in  shape  and  it  was 
attempted  to  provide  as  sharp  a tip  as  possible.  Ideally,  a notch 
should  be  extended  by  fatigue  crack  growth  but  a fatigue  machine  of 
sufficient  capacity  (500,000  lbs)  was  not  available.  The  EDM  leaves  a 
brittle  surface  which  may  compensate  somewhat  for  the  lack  of  a fatigue 
crack  extension.  The  test  machine  used  was  a one  million  pound  tension, 
three  million  pound  compression  Baldwin-Southwark  located  in  the  AFFDL 
Wheel  and  Brake  Test  Facility  (Figure  6). 

Three  areas  of  interest  were  evaluated  in  the  surface  flaw  tests: 
the  base  metal  to  provide  a comparison  point,  the  weld  metal  to  check  on 
adequacy  and  quality,  and  the  heat  affected  zone  (HAZ)  at  the  weld/  base 
metal  interface  to  see  if  any  degradation  occurs  due  to  the  high  thermal 
input  to  this  area.  The  gage  section  was  lightly  etched  with  a nital 
solution  to  show  the  exact  weld  area  (Figure  7).  Care  was  taken  to  keep 
the  nital  solution  out  of  the  crack  tip. 

In  addition  to  the  room  temperature  tests,  low  temperature  tests  on 
the  surface  flaw  specimens  were  conducted  using  an  insulating  chamber 
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of  foam  surrounding  the  gage  section  into  which  liquid  nitrogen  was 
sprayed.  The  temperature  readout  was  by  three  copper/ constantan 
thermocouples  driving  a pushbutton  Brown/El ectrix  recorder.  One  thermo- 
couple was  located  on  the  back  face,  one  on  the  front  face,  and  the 
third  inserted  into  the  tip  of  the  eloxed  notch.  The  temperature  was 
stabilized  for  a minimum  of  five  minutes  before  testing. 

Crack  opening  displacement  (COD)  of  the  surface  flaw  specimen  was 
plotted  versus  the  applied  load  on  Moseley  X-Y  recorder.  A typical 
example  is  shown  in  Figure  8.  The  COD  gage  used  was  the  standard  four 
strain  gage  bridge  model  described  in  ASTM  Test  Method  E-399  (Reference  7). 

Fatigue  crack  growth  rate  (da/dn)  tests  were  conducted  on  the  T-l 
steel  using  the  compact  specimen  (Figure  9).  An  MTS  Servo  hydraulic 
test  machine  was  used  at  a frequency  of  15  Hertz  and  an  "R"  ratio 

LOAD  MIN  * A , . . , . . . . 

"LOAD  MAX  of  The  environment  was  laboratory  air  at  a nominal  45 

to  55%  relative  humidity. 

The  compact  specimen  was  used  in  a two-inch  thickness  in  an  attempt 
to  obtain  a fracture  toughness  value  on  the  A.  0.  Smith  A225  type  steel 
used  in  the  head  hemispheres. 

The  stress  corrosion  cracking  susceptibility  of  T-l  steel  was 
checked  by  use  of  compact  specimens  precracked  and  then  dead  weight 
loaded  in  a stress  corrosion  test  frame  (Figure  10).  The  corrosive 
environment  in  these  sustained  load  tests  was  distilled  water,  a possible 
internal  tank  environment  due  to  condensation  on  the  tank  walls. 
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SECTION  III 

RESULTS  AND  DISCUSSION 

The  fracture  tests  using  the  surface  flaw  specimen  showed  no 
appreciable  toughness  degradation  from  room  temperature  to  -50°F.  A 
listing  of  these  test  results  is  given  in  Table  IV.  A change  in  fracture 
appearance  is  shown  in  Figure  11.  The  fracture  at  room  temperature  was 
predominately  shear  mode  whereas  the  colder  temperatures  produced  a 
planar,  flat  fracture  indicative  of  a plain  strain  condition.  In  all 
cases,  the  load  at  fracture  produced  stresses  in  the  net  area  (gross 
area  minus  flaw  area)  above  the  yield  strength  of  the  material  and 
usually  approached  the  net  area  ultimate  tensile  strength  of  the 
material.  This  is  a very  important  point  to  emphasize  as  it  shows  the 
amount  of  "forgiveness"  in  the  material.  This  means  that  localized 
stress  concentrations  which  can  occur  in  any  welded  assembly,  can 
theoretically  yield  during  the  proof  pressure  cycle  which  acts  as  a 
stress  relief  cycle.  The  T-l  steel  from  the  Foster-Wheel er  tanks  had  a 
calculated  K critical  of  over  130  ksi/Tn  and  no  observed  degradation  in 
toughness  down  to  the  -50°F  test  temperature.  This  compares  favorably 
with  data  in  the  Aerospace  Structural  Metals  Handbook  originally  reported 
by  Barson  (Reference  8)  which  shows  a value  for  T-l  steel  (A-517-F) 
at  -50°F  of  120  ksi/Tn.  Data  by  Gentilicore,  Pense,  and  Stout  (Reference 
9)  give  similar  results  for  T-l  steel  (A-517-F)  in  weldments,  heat 
affected  zones,  and  base  metal.  This  work  points  out  two  interesting 
points,  one,  the  base  metal  has  the  lowest  toughness  in  the  tests 
conducted  and  secondly,  a stress  relief  after  welding  reduced  the 
fracture  toughness  of  the  weld  and  heat  affected  zone  to  that  of  the 
base  metal.  The  Atlas  construction  drawings  for  the  T-l  steel  vessels 
called  out  a stress  relief  after  welding  which  probably  caused  the 
uniformity  in  test  results  between  the  weldment,  HAZ,  and  base  metal  in 
these  tests. 

The  surface  flaw  fracture  tests  on  the  A302B  steel  showed  no 
degradation  in  toughness  from  room  temperature  to  -50°F.  The  lower 
tensile  strength  reduced  the  calculated  "K"  maximum  as  expected  even 
though  the  ratio  of  net  stress  to  ultimate  strength  increased. 
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Fatigue  crack  growth  rates  for  the  T-l  steel  conducted  on  a limited 
number  of  tests  indicate  a rate  on  the  low  side  of  a range  described  by 
Barsom,  et.al  (Reference  10).  The  results  were  obtained  in  a laboratory 
air  environment  which  would  probably  model  the  environment  on  the 
internal  surfaces  of  a pressure  vessel.  By  plotting  the  crack  growth 
rate  data  as  a function  of  stress  intensity  range,  Figure  12  is  readily 
usable  for  the  crack  growth  analysis  in  the  next  section  of  this  report. 

Stress  corrosion  cracking  is  not  usually  a problem  with  steels  in 
these  lower  strength  ranges,  nevertheless,  two  compact  tension  specimens 
of  T-l  steel  were  tested  in  a distilled  water  environment.  They  were 
loaded  at  stress  intensities  of  80  and  90  ksi/Tn  and  the  tests  were 
discontinued  after  over  3500  hours  with  no  failures.  The  specimens  were 
then  pulled  apart  and  the  fracture  surfaces  were  examined.  In  Figure 
13,  the  slight  growth  exhibited  by  the  specimen  loaded  to  90  ksi/uf  can 
be  noted. 

Compact  fracture  toughness  specimens  on  the  A.  0.  Smith  pressure 
head  steel  were  tested  but  the  results  were  invalid  as  the  load  versus 
crack  opening  displacement  curves  exhibited  excessive  curvature  which 
indicates  gross  plastic  flow.  This  behavior  is  desirable  in  a pressure 
vessel,  however,  as  it  allows  yielding  to  occur  and  excessively  high 
stress  concentrations  due  to  misalignment  to  be  relieved  during  a proof 
test.  The  contraction  of  the  specimen  sides  from  this  plastic  flow  can 
be  seen  in  Figure  14. 
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SECTION  IV 

SERVICE  LIFE  ANALYSIS 

The  actual  service  cyclic  life  following  a proof  test  is  dependent 
on  many  factors.  Among  these  factors  are  proof  pressure,  operating 
pressure,  crack  growth  rates,  fracture  toughness,  stress  corrosion 
susceptibility,  and  environment.  The  following  analysis  will  be  made  on 
the  T-l  steel  on  which  the  majority  of  the  test  effort  was  expended. 

The  first  item  calculated  in  this  analysis  was  the  critical  crack 
length  in  the  material  at  the  maximum  operating  pressure.  This  indicated 
whether  a crack  could  become  critical  before  it  grew  through  the  thickness. 

On  Figure  15,  a plot  of  tank  pressure  versus  critical  crack  length 
for  the  Foster-Wheeler  Tank  is  presented  based  on  the  basic  fracture 
mechanics  equation. 

K - a -J  it  a ; 

where: 

K = stress  intensity  factor 
a = nominal  hoop  stress 
a = half  crack  length 

The  stress  to  pressure  conversion  was  based  on  thin  wall  pressure  vessel 
equation: 


where: 

P = internal  pressure 
r = mean  cylinder  radius 
T = wall  thickness 

The  stresses  thus  calculated  will  be  slightly  reduced  from  those 
calculated  by  using  the  more  applicable  thick  wall  formulas,  although 
the  effect  on  the  analysis  would  be  small. 
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It  can  be  noted  from  Figure  15  that  the  critical  crack  lengths  for 
a maximum  operating  pressure  of  4000  psi  is  about  five  thicknesses  for 
the  T-l  steel.  This  would  indicate  the  crack  should  grow  through  the 
thickness  of  the  wall  and  leak  before  reaching  a critical  size.  The 
segment  marked  safe  crack  growth  range  is  the  growth  from  the  proof  test 
maximum  flaw  size  to  the  size  where  possible  stress  corrosion  cracking 
could  occur.  This  crack  growth  would  be  from  a part- through-crack  or  an 
imbedded  flaw.  The  stress  corrosion  tests  on  the  T-l  steel  indicated 
the  sustained  load  cracking  threshold  stress  intensity  is  above  90 
ksi/mT 

The  number  of  pressure  cycles  from  the  proof  stress  flaw  size, 
assumed  to  be  a part-through-crack,  to  a through  the  thickness  crack  can 
be  projected  by  using  the  crack  growth  rate  data  previously  generated. 

In  Tables  V and  VI,  two  crack  geometries  of  a/2c  (flaw  depth/flaw  surface 
length)  of  0.1  and  0.25  are  calculated  for  the  nominal  hoop  stresses  at 
4000  psi  maximum.  The  data  thus  obtained  can  be  plotted  as  the  K/Kproof 
ratio  (alternately,  pressure  or  stress  ratio)  versus  cycles.  It  is 
apparent  from  the  data  plotted  in  Figure  16  that  the  flaw  shape  has  very 
little  effect  on  the  number  of  pressure  cycles  required  to  penetrate  the 
thickness  from  the  proof  test  flaw  size.  The  a/2c  of  0.25  flaw  penetrated 
through  the  thickness  below  the  minimum  stress  corrosion  cracking  level 
of  90  ksi/Tn,  whereas,  the  a/2c  of  0.1  flaw  just  reached  the  90  ksi/Tn 
stress  intensity  as  it  grew  through  the  thickness.  This  indicates 
stress  corrosion  would  not  be  a problem  because  air  leakage  and  thus 
discovery  of  the  flaw  would  occur  below  the  stress  corrosion  cracking 
level . 


The  result  of  using  a higher  pressure  cycle  can  be  seen  in  Figure 
17.  In  this  graph  flaws  of  a/2c  = 0.1  are  projected  to  a through-crack 
using  a 4000  to  1200  psi  pressure  cycle  and  a 5000  to  1200  psi  pressure 
cycle.  The  higher  pressure  cycle  reaches  a stress  intensity  greater 
than  the  minimum  value  determined,  which  means  sustained  load 


crack  growth  could  be  possible.  It  can  be  noted  that  regardless  of  the 
method  of  crack  growth,  the  crack  will  grow  through  the  thickness  before 
reaching  the  critical  stress  intensity. 
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From  the  shape  of  the  flaws  grown  cyclically  through  the  thickness 
in  Reference  1,  it  is  assumed  the  flaw  shape  of  0.25  would  be  more 
applicable  to  this  problem.  Longer  flaws  or  discontinuities  would  also 
show  up  more  readily  during  the  x-ray  and  magnetic  particle  inspections 
carried  out  on  these  tanks  as  indicated  on  Table  I,  and  therefore  would 
most  likely  be  repaired  before  being  put  in  service. 

The  cyclic  growth  curves  are  not  projected  beyond  the  point  of  a 
through-crack  which  will  produce  air  leakage.  It  is  presumed  a regular 
schedule  of  inspections  will  be  followed  to  ascertain  if  any  of  the 
tanks  have  developed  through-cracks.  Also,  only  cracks  occurring  in  the 
cylindrical  portion  of  the  storage  tanks  have  been  analyzed.  This  is 
the  region  of  the  highest  calculated  stresses  barring  discontinuities 
which  could  cause  stress  concentrations  in  other  areas. 

Application  of  the  proof  test/crack  growth  logic  relates  the  proof 
test  stress  to  the  operating  stress  through  the  appropriate  fracture 
mechanics  equation.  Thus,  it  can  be  seen  from  Equation  1,  the  flaw  size 
screened  by  the  proof  test  in  the  area  of  a stress  concentration  is 
smaller  than  the  normal  stress  field  flaw  by: 

^5 — • a normal  stress  field 

K? 

A crack  growth  service  life  analysis  at  a stress  concentration  would 
vary  only  slightly  from  the  normal  stress  field  life  analysis,  although 
the  possibility  exists  that  at  a stress  concentration  the  flaw  could 
reach  critical  before  growing  through  the  thickness. 

Another  feature  of  the  proof  test  crack  growth  logic  that  will  be 
of  value  is  the  "resetting"  ability.  At  some  future  date  when  a significant 
portion  of  the  projected  life  has  been  expended,  a reproof  test  to  the 
original  AEDC  level  will  again  screen  for  flaws  down  to  the  proof  test 
flaw  size  and  thus  "reset"  the  crack  growth  analysis. 
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SECTION  V 
CONCLUSIONS 


1.  The  part-through-crack  fracture  tests  conducted  on  the  T-l  and  the 
A302-B  steels  indicate  no  fracture  toughness  degradation  down  to  -50°F. 
The  fractures  in  each  instance  occurred  only  after  the  yield  strength  of 
the  material  was  exceeded.  The  toughness  variation  of  the  T-l  steel 
between  the  base  metal,  weld  metal,  and  heat  affected  zone  was  not 
significant. 

2.  The  stress  corrosion  cracking  threshold  for  T-l  steel  is  above  90 
ksi/TrT  No  problems  with  sustained  load  cracking  appears  likely. 

3.  The  pressure  cycles  to  a through-crack  in  the  Foster  Wheeler  250 
cu.  ft.  tanks  based  on  the  proof  test/crack  growth  rate  analysis  are  on 
the  order  of  40,000  cycles  for  a 4000  to  1200  psi  range.  By  application 
of  the  proof  test/crack  growth  methodology  the  cyclic  life  in  the  other 
pressure  vessels  can  be  determined. 

4.  A factor  of  safety  should  be  applied  to  the  predicted  cyclic  lives 
calculated.  This  will  then  represent  the  cyclic  usage  available  before 
a reproof  test  would  be  desirable. 
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T-l  Steel  Specimens  with  "S"  designate  the  Struthers  Wells  Vessel. 
The  remainder  of  the  specimens  are  from  the  Taylor  Forge  Vessels. 


CRACK  GROWTH  ANALYSIS 
(4000-1200  PSI  Pressure  Cycle  a/2c=0.1) 
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Figure  1.  APTU  Storage  Tank  Field 
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FLAW  SHAPE  PARAMETER, 
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Figure  3.  Typical  Foster-Wheel er  Hi gh-Pressure  Vessel  Obtained 
from  Atlas  Sites 
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Figure  4.  Surface  Flaw  Specimen 
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Figure  5.  Flaw  Shape  EDM'd  into  Surface  Flaw  Specimen 
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Figure  6.  AFFDL  Test  Machine 


24 


AFML-TR-74-1 33 


Figure  7.  Etched  Specimen  Showing  Weld  Zone 
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APPLIED  LOAD -KIPS 
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Figure  8.  Typical  Load  versus  Crack  Opening  Displacement  Record 
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Figure  9.  Compact  Specimen  Design 
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Figure  10.  Stress  Corrosion  Test  Set-Up 
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Figure  11.  Fracture  Surfaces  from  Ambient  and  -50°F  Test  Temperature 
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Figure  12.  T-l  Steel  Crack  Growth  Rate  Data 
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Figure  13.  Stress  Corrosion  Fracture  Surfaces  T-l  Steel 
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Figure  14.  Compact  Specimens  of  A.O.  Smith  Head  Material 


FOSTER- WHEELER  250  CU.  FT. 
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CRITICAL  CRACK  LENGTH  (THRU  CRACK) 
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Figure  1G.  K Proof/K  Cyclic  Ratio  versus  Pressure  Cycles-Flaw  Shape  Variation 
0 a/2c  = 0.1  a a/2c  = 0.25 
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